Introduction {#S0001}
============

The incidence and overall mortality of hepatocellular carcinoma (HCC) are increasing annually.[@CIT0001] Traditional surgery can control liver cancer to some extent, but survival rate is still very low[@CIT0002] as HCC is prone to metastasis and relapse. Molecular targeting therapy,[@CIT0003] immunotherapy,[@CIT0004] and long non-coding RNA (IncRNA)-based therapy[@CIT0005] have been tested against HCC in preclinical studies, but these advances have not yet translated into more efficacious clinical treatments. Therefore, it is still vital to identify novel prognostic markers and treatment targets for HCC.[@CIT0006]

Early diagnosis and treatment are keys to improving primary HCC outcome.[@CIT0007] The heparin sulfate proteoglycan glypican-3 (GPC3) is involved in the regulation of cell proliferation, adhesion, and migration.[@CIT0008],[@CIT0009] Moreover, elevated expression of GPC3 has been reported in HCC tissues.[@CIT0010] GPC3 also promoted HCC growth by stimulating the canonical wnt/β-catenin signaling pathway, while GPC3 gene silencing inhibited the proliferation of HCC cells and induced apoptosis.[@CIT0011] Pei et al found that autophagy suppressed the proliferation of HepG2 hepatoma cells in part by inhibiting GPC3/wnt/β-catenin signaling.[@CIT0012] Nobuhiro Tsuchiya and colleagues have developed a T cell therapy using T cell receptor (TCR) sequences obtained from GPC3 peptide-specific cytotoxic T lymphocyte (CTL) clones for improved efficacy in patients with advanced HCC.[@CIT0013] Hence, GPC3 can be used as a biomarker for the early diagnosis of hepatocellular carcinoma, while targeted inhibition of GPC3 signaling may help control the proliferation and metastasis of HCC cells.[@CIT0014]

Camelids (dromedaries, llamas, alpacas, etc.) express unusual antibodies composed only of heavy chains without light chains (VHHs) referred to as nanobodies because diameter and length are in the nanometer range.[@CIT0015] Nanobodies possess several advantages for therapeutic applications such as tumor targeting, including low immunogenicity, high physicochemical stability and refolding capacity, and good tissue penetration,[@CIT0015] while antigen affinity is equal to that of conventional antibodies.[@CIT0016]

The identification of new treatment targets has in many cases led to the development of novel treatment strategies. For instance, programmed death-1 receptor (PD-1)/programmed death ligand-1 (PD-L1) pathway blockade has proven effective and practical for cancer immunotherapy. So far, five drugs targeting the PD-1/PD-L1 pathway, Keytruda (pembrolizumab), Opdivo (nivolumab), Bavencio (avelumab), Tecentriq (atezolizumab), and Imfinzi (durvalumab) have been approved by the US Food and Drug Administration (FDA) for cancer treatment.[@CIT0017]

Glypican-3 has the potential to differentiate between benign and malignant liver diseases, so antibodies and nanobodies may prove effective for drug targeting. To screen for unknown anti-GPC3 antibodies, we constructed a GPC3 phage display library. Three rounds of panning using competitive enzyme-linked immunosorbent assay (ELISA) and flow cytometry succeeded in isolating a specific high-affinity anti-GPC3 nanobody. The anti-GPC3 nanobody suppresses the growth of HepG2 in vivo and improves the survival rate of tumor mice, and may prove valuable for targeted therapy of liver cancer.

Materials and Methods {#S0002}
=====================

Materials and Reagents {#S0002-S2001}
----------------------

Phagemid vector pCANTAB 5E and Helper phage M13KO7 were obtained from GE Healthcare (NJ, USA), *Escherichia coli* TG1, *E. coli* BL21, prokaryotic vector pET28a, and HepG2 cells from the Xinjiang Key Laboratory of Biological Resources and Genetic Engineering, Xinjiang University (Urumqi, Xinjiang, China), Taq DNA polymerase and deoxynucleotides (dNTPs) from Takara (Dalian, China), DAB (3, 3ʹ-diaminobenzidine), ampicillin, kanamycin sulfate, and isopropyl-D- thiogalactopyranoside (IPTG) from Solarbio Biotechnology (Beijing, China), anti-His and horseradish peroxidase (HRP)-conjugated anti-his monoclonal antibodies (mAbs) from Beyotime Biotechnology (Shanghai, China), anti-human GPC3 mAbs from ACRO Biosystems (Beijing, China), and Anti-6×His fluorescein isothiocyanate (FITC) from abcam (Cambridge, UK).

Camel Immunization and Ethics Statement {#S0002-S2002}
---------------------------------------

A Bactrian camel from Xinjiang Province, China, was immunized five times with 50 mg of GPC3 fusion protein.[@CIT0018] All animal experiments were approved by the Committee on the Ethics of Animal Experiments of Xinjiang Key Laboratory of Biological Resources and Genetic Engineering (BRGE-AE001) and performed under the guidelines of the Animal Care and Use Committee of College of Life Science and Technology, Xinjiang University. Serum antibody titers were determined by ELISA.

Phage Library Construction {#S0002-S2003}
--------------------------

Total mRNA was extracted from peripheral blood mononuclear cells (PBMCs) using Trizol reagent and examined using agarose gel electrophoresis. cDNA was generated using M-MLV Reverse Transcriptase. Specific primers were designed based on complementary sequences to two conserved regions in the heavy-chain variable region of camel nanobody. VHH genes were then amplified by PCR in a 25-μL reaction mixture containing 5 μL 5 × PS buffer (+Mg^2+^), 0.5 μL dNTP, 0.25 μL cDNA, 0.25 μL PrimeSTAR, and 0.5 μL forward primer and reverse primer. The PCR products and the pCANTAB-5E vector were digested sequentially with *Sfi* I and *Not* I, then ligated by T4 DNA ligase at 16°C overnight and electro-transformed into competent *E. coli* TG1 cells.[@CIT0019]

Phage Amplification and Titering {#S0002-S2004}
--------------------------------

The phage library (100 μL) was inoculated into 50 mL of LB medium containing 50 μL ampicillin at 37°C and grown until log phage (OD~600~ = 0.5−0.6). Helper phage M13KO7 at about 5 × 10^12^ colony-forming units (cfu)/mL was then added and the mixture incubated for 1 hr at 37°C. Bacteria were harvested by centrifugation for 10 mins at 2500 g and resuspended in 100 mL fresh LB medium with 100 μL ampicillin. The new suspension was incubated at 37°C overnight. The next day, bacterial cells were removed by centrifugation for 20 mins at 2500 g and phages were precipitated from the supernatant with 1/5 volume 20% polyethylene glycol(PEG)-NaCl 8000. The precipitated phages were resuspended in phosphate-buffered saline (PBS) for titer measurement and the next round of bio-panning. For titering, the phage solutions were diluted 1:10, 1:100, and 1:1000 in fresh LB medium. Serial dilutions of phage (100 μL) were added to 900 μL TG1 cells and the mixture incubated for 30 mins at 37°C. Then, a 100 μL volume of this cell suspension was coated onto solid LB culture medium and incubated at 30°C overnight. The colonies were counted and phage titer calculated as plaque-forming units (pfu).[@CIT0020],[@CIT0021]

Screening of Special VHH Against GPC3 {#S0002-S2005}
-------------------------------------

GPC3 protein in carbonate buffer \[pH 9.6\] (1, 5, or 10 μg/mL) was used to coat 96-well plates. Briefly, wells were filled with 100 μL GPC3 solution and incubated overnight at 4°C, then washed at least three times with PBST. A 200 μL volume of 5% (w/v) non-fat milk was added for 2 hrs at 37°C. After washing with PBST, phage library solution was added to each well and incubated for 2 h at 37°C. Wells were again washed with PBST to remove unbound phages. A 50-μL volume of 100 mM glycine-HCl (pH 2.2) was added for 10 min to elute target-bound phages and immediately neutralized with 7 μL of 2 M Tris-HCl (pH 9.1). The solution in each well was collected and inoculated into TG1 cell suspension, followed by incubation at 37°C for 30 mins. A portion of the infection solution was used for enrichment statistics, and the remaining volume for the next round of screening. Each round of library screening required amplification and titering as described.[@CIT0019]--[@CIT0021] The schematic procedure for the production of phage nano-antibody library is shown in [Figure 1](#F0001){ref-type="fig"}. Figure 1Schematic procedure for the production of phage nano-antibody library.

Construction, Expression and Purification of the Nanobody {#S0002-S2006}
---------------------------------------------------------

The PCR products of nanobody fragments and pET28a vector were digested with restriction enzymes *Eco*R I and *Xho* I, then ligated by T4 DNA ligase at 16°C overnight. Single colonies with good shape and size were identified by PCR and double enzyme digestion. Finally, the recombinant plasmid was sent to Sangon Biotech (Shanghai) Co., Ltd. for sequencing and identification. Further, the nanobody fusion protein was expressed in *E. coli* BL21 cells and purified by affinity chromatography. The fusion protein purity was measured by 12% SDS-PAGE electrophoresis.[@CIT0019]

Affinity Measurements {#S0002-S2007}
---------------------

Commercial human GPC3 mAb was coated onto 96-well plates overnight at 4°C. Plates were then washed with PBST and nanobody added to each well for 2 hrs at 37°C, followed by his-tag (mouse) antibody (1:3000) as the secondary antibody for 2 hrs at 37°C and HRP-conjugated anti-his tag antibody (1:5000) for 1 hr at 37°C. TMB substrate was then added to each well for 15 mins at 37°C. The reaction was stopped by addition of 50 μL/well H~2~SO~4~. Finally, the OD at 492 nm was measured.

Cell Binding Analysis by Flow Cytometry {#S0002-S2008}
---------------------------------------

HepG2 cells (5×10^5^ per culture dish) were incubated with different concentrations of nanobody (experimental group), commercial rabbit anti-human GPC3 mAb (positive control group), or left untreated (negative control group) for 2 hrs at 4°C. Cultures were then washed with PBS and stained with FITC-conjugated anti-6×His (experimental group, negative control group) or FITC-conjugated goat anti-rabbit antibody (positive control group) for 30 mins. Finally, cell staining was analyzed by flow cytometry using Flow Jo 7.6 software.

Proliferation Analysis {#S0002-S2009}
----------------------

The 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) (Sigma, St. Louis, MO, USA) assay was used to evaluate the growth inhibition of nanobody on HepG2 cells. Briefly, cells (5000 cells/well) were seeded in 96-well plates, and then treated with various doses of different concentrations of nanobody (experimental group), commercial rabbit anti-human GPC3 mAb (positive control group), or untreated (negative control group) for 24 hrs. Supernatant was discarded after centrifugation at 1200 rpm for 5 mins and 100 μL of MTT solution (0.5 mg/mL in PBS) was added to each well and incubated at 37°C for 3 hrs. The formed formazan crystals were dissolved in 200 μL DMSO. The OD~490~ values were measured by a 96-well microplate reader (Bio-Rad Laboratories, CA, USA). The relative cell viability was calculated according to the formula: Cell viability (%) = (OD~treated~/OD~untreated~) ×100%.

Establishment of the Tumor Models in Nude Mice {#S0002-S2010}
----------------------------------------------

Female BALB/c-nu mice of SPF grade, 4--5 week-old, were purchased from Beijing laboratory animal research center (Beijing, China), and received pathogen-free water and food. The cells of logarithmic phase were washed twice by serum-free culture solution and resuspended to a concentration of about/mL. The HepG2 cells (1×10^7^) in 0.1 mL of PBS were inoculated subcutaneously on the back of each nude mouse. After the inoculation, the animals were randomly divided into three groups (n=6): the negative control group (10mg/kg BSA), the positive control group (5 mg/kg cisplatin), the 10mg/kg GPC3 nanobody group. All animals were peritumorally injected drugs every 2 days which lasted for 10 times. The mice were weighed and the tumor growth in nude mice was monitored carefully once a day. Tumor sizes were measured using calipers and tumor volume was calculated according to the formula: tumor volume (mm^3^) = (length×width^2^)/2. The survival of tumor mice was monitored every day.

Statistical Analysis {#S0002-S2011}
--------------------

All data were expressed as mean ± standard deviation (S.D.). Statistical analysis was conducted using one-way analysis of variance (ANOVA) among the treatment and control groups. *p\<*0.05 was considered statistically significant.

Results {#S0003}
=======

Construction of a Phage Display Library {#S0003-S2001}
---------------------------------------

A Bactrian camel was immunized five times with GPC3 protein and serum extracted for antibody detection, which revealed substantially elevated titers ([Figure 2A](#F0002){ref-type="fig"}). Total PBMCs were isolated for total RNA extraction and PCR amplification of VHH genes. Gene fragments of \~500 bp obtained by nested PCR were successfully cloned into the phagemid vector pCANTAB5E ([Figure 2B](#F0002){ref-type="fig"}). Phagemids were then used to transform TG1 *E. coli*, which yielded 268 single colonies on solid medium. Of these colonies, 20 were randomly selected for PCR validation. There were 12 positive clones, indicating a recombination rate of 60% and storage capacity of 1.608 × 10^6^ cfu/mL. The titers of the helper phage and phage library were 5.321 × 10^16^ pfu/mL and 6.5 × 10^13^ pfu/mL, respectively. Figure 2Construction of a phage display library. (**A**) Anti-GPC3 serum titer of Bactrian Camel. (**B**) Identification of VHH gene amplification. M: DNA Marker DL 2000; Lanes 1--8: Positive clones.

Screening of Special VHH Against GPC3 {#S0003-S2002}
-------------------------------------

The phage display library was panned for three consecutive rounds using 96-well plates coated with GPC3 protein. The number of single colonies decreased in each round. Randomly selected colonies harboring the expected 500-bp fragment were identified by PCR ([Figure 3](#F0003){ref-type="fig"}), and the enrichment in each round of bio-panning was calculated ([Table 1](#T0001){ref-type="table"}). Figure 3VHH~GPC3~ positive clones were identified by PCR. M: DNA Marker DL2000. -: Negative control. Lanes 1--15: Positive clones.Table 1Enrichment of Specific Phages During Subsequent Rounds of Bio-PanningRound of PanningInput Phages (pfu)Output Phages (pfu)Output Phages/Input Phages (pfu)Round 13.8×10^12^4.5×10^8^1.2×10^−4^Round 22.6×10^10^5.3×10^5^2.0×10^−5^Round 31.8×10^8^3.2×10^2^1.8×10^−6^

Construction, Expression, and Purification of the Nanobody {#S0003-S2003}
----------------------------------------------------------

After three rounds, we successfully constructed the pET28a-*VHH~GPC3~* prokaryotic expression vector. It was expressed in *E. coli* BL21 cells after induction by IPTG. The molecular weight of the product nanobody was determined to be 13 kDa by 12% SDS-PAGE and Western Blot analysis ([Figure 4A](#F0004){ref-type="fig"}−[C](#F0004){ref-type="fig"}). Figure 4Expression and purification of VHH~GPC3~ antibody. (**A**) Expression of pET28a-VHH~GPC3~ fusion protein analyzed by SDS-PAGE. M: protein marker (10--170 kDa); Lane 1: Transformed bacterium carrying pET28a empty vector without induction, Lane 2: Transformed bacterium carrying pET28a empty vector induced with IPTG; Lane 3: pET28a-*VHH~GPC3~* recombinant plasmid without induction; Lane4: pET28a-*VHH~GPC3~* recombinant plasmid induced with 0.5mmol/L IPTG; Lanes5--6: pET28a-*VHH~GPC3~* recombinant plasmid expressed in the supernatant and precipitation, respectively. (**B**) Expression of pET28a-*VHH~GPC3~* fusion protein analyzed by Western blot. Lane1: pET28a-VHH~GPC3~ recombinant plasmid without induction; Lane 2:pET28a-*VHH~GPC3~* recombinant plasmid induced with 0.5mmol/L IPTG; Lanes 3--4: pET28a-*VHH~GPC3~* recombinant plasmid expressed in the supernatant and precipitation, respectively. (**C**) Purification of VHH~GPC3~ antibody. Lane 1: Purified his-VHH~GPC3~ fusion protein in the supernatant.

Affinity Measurements {#S0003-S2004}
---------------------

The affinity of VHH~GPC3~ was assessed by sandwich ELISA on 96-well plates coated with commercial human GPC3 protein (experimental group) or skim milk protein (negative control). A commercial anti-human GPC3 mAb served as the positive control. Optical density measurement indicated that VHH~GPC3~ bound specifically to the commercial human GPC3 but not milk protein ([Figure 5](#F0005){ref-type="fig"}). Figure 5Determination of affinity of VHH~GPC3~ and antigen protein. The 96-well plates were coated with 2μg/mL antigen, incubated with 5μg/mL VHH~GPC3.~ Skim milk was used as negative control. Commercial anti-human GPC3 mAb was used as positive control.

Cell Binding Analysis by Flow Cytometry {#S0003-S2005}
---------------------------------------

Flow cytometric analysis was performed to assess the specific binding activity of the nanobody to human GPC3 expressed on the surface of HepG2 hepatoma cells. Indeed, exposure to VHH~GPC3~ induced a substantial shift in fluorescence intensity of HepG2 cells similar to that observed using a commercial human anti-GPC3 ([Figure 6](#F0006){ref-type="fig"}). Figure 6Detection of VHH~GPC3~ binding with GPC3 expressed on HepG2 by FCM. (**A**) Not incubated by VHH~GPC3~ was used as negative group with black line. Commercial anti-human GPC3 mAbs was used as positive with green line. 35 μg and 45μg of VHH~GPC3~ were red and blue lines, respectively. (**B**) Statistical analysis showed a FITC intensity significant increase in HepG2 as compared to the negative control.

GPC3 Nanobody Suppresses the Growth of HepG2 in vivo and Improves the Survival Rate of Tumor Mice {#S0003-S2006}
-------------------------------------------------------------------------------------------------

To investigate whether GPC3 nanobody could suppress the growth of HepG2 cells in vivo, mice were injected with HepG2 cells and treated with BSA (control group), cisplatin or GPC3 nanobody. After 7 days of HepG2 cell injection, tumor mice were peritumorally injected with GPC3 nanobody every 2 days which lasted for 10 times. The body weight of mice and tumor sizes were monitored. As shown in [Figure 7A](#F0007){ref-type="fig"}, body weight of the mice group treated with GPC3 nanobody showed no significant difference while body weight of the mice group treated with cisplatin sharply decreased, suggesting that the selected doses of GPC3 nanobody have no obvious side effect. Furthermore, the tumor growth in mice treated with 10 mg/kg of GPC3 nanobody was significantly inhibited ([Figure 7B](#F0007){ref-type="fig"}). Moreover, the GPC3 nanobody treatment greatly improved the survival of tumor mice (4/6) compared with control group (0/6) and cisplatin group (3/6) by the end of the experiment ([Figure 7C](#F0007){ref-type="fig"}). Figure 7GPC3 nanobody inhibits tumor growth in nude BALB/c mice. Nude mice (n=6) were inoculated with HepG2 cells subcutaneously on the back of each nude mouse. After 7 days, tumor mice were treated with 10 mg/kg GPC3 nanobody, BSA (control) and cisplatin. Body weight of mice (**A**), tumor sizes (**B**), and the survival rates (**C**) were monitored at the indicated time points.

Discussion {#S0004}
==========

Liver cancer incidence is rising in both men and women across all age groups. In addition to traditional treatments (chemotherapy, radiotherapy), targeted immunotherapies are rapidly evolving, offering new hope to liver cancer patients.[@CIT0022] However, objective molecular markers are urgently needed to help standardize the histological diagnosis of early-stage HCC and guide appropriate treatment plans.[@CIT0023],[@CIT0024]

Yukihiro Haruyam et al demonstrated that GPC3 is a prognostic factor and potential immunotherapeutic target for HCC treatment.[@CIT0008] In contrast, serum alpha-fetoprotein (AFP) has a relatively low sensitivity, and so is of limited value as a serum marker for hepatoblastoma.[@CIT0025] Glypican-3 expression rate is substantially elevated in HCC tissue and gradually increases in parallel with clinical upstaging.[@CIT0026] One study reported that the combined use of AFP and GPC3 can enhance diagnostic sensitivity compared to each marker alone.[@CIT0027] Moreover, concomitant use of heat-shock protein 70, glutamine synthetase, and GPC3 demonstrated even greater specificity and sensitivity for the diagnosis of hepatitis B virus (HBV)-related HCC.[@CIT0028],[@CIT0029] Montalbano et al proposed that GPC3 is not merely a biomarker but is central to HCC pathogenesis.[@CIT0030] Thus, elucidating signaling pathways and tumorigenic processes involving GPC3 may reveal important aspects of disease development and identify novel potential treatment targets.[@CIT0030]

Most currently available GPC3 antibodies are polyclonal or monoclonal antibodies from mouse hybridoma cells. While these antibodies can specifically identify GPC3 proteins in cells and tissues,[@CIT0031],[@CIT0032] the high molecular weight of these molecules is not conducive to rapid clearance in vivo or effective penetration into tumor tissue. Most studies on improved antibody applicability for immunotherapy have focused on the modification of conventional antibody molecules, such as single-chain antibodies, Fab antibodies, and Fv single domain antibodies.[@CIT0033],[@CIT0034] However, these antibodies have many shortcomings such as cumbersome preparation processes, poor water solubility, and easy aggregation. Therefore, it is necessary to obtain more advantageous GPC3 antibodies to improve diagnostic sensitivity, targeting and metabolism.

Camelids produce unusual antibodies composed only of heavy chains. The variable domain is designated VHH for Camelid heavy-chain antibodies (hcAbs) or more generally, nanobodies or single-domain antibodies. These nanobodies have additional advantages, such as low production cost, good water solubility, strong stability, weak immunogenicity, and good tissue penetration, while retaining high affinity for the ligand-binding site.[@CIT0035] Indeed, nanobodies are already widely used as research tools, diagnostic tools, and therapeutics.[@CIT0036] However, how to improve the affinity of the nano-antibody and prolong the half-life has been a bottleneck in the application of the nanobodies.

The YP7 mAb, HN3 human single domain antibody, and HS20 human single-chain Fv antibody have been demonstrated to bind GPC3 with both high specificity and affinity.[@CIT0037]--[@CIT0039] Although human mAbs against tumor antigens are widely recognized as rational immunotherapeutic tools for cancer treatment, but many mAbs have shown limited efficacy in human clinical trials due to high immunogenicity.[@CIT0023] Rituximab and daratumumab can trigger cytokine release syndrome and even cause opportunistic virus infection.[@CIT0040],[@CIT0041] Alternatively, Homayouni et al successfully prepared a functional anti-human TIM-3-specific nanobody with high affinity and anti-proliferative activity on an AML cell line.[@CIT0042] These attributes make nanobodies, in particular those engineered from the variable heavy-chain fragment (VHH gene) found in Camelidae heavy-chain antibodies (or IgG2 and IgG3), are the smallest fragments that retain the full antigen-binding capacity of the antibody with advantageous properties as diagnostic and therapeutic applications.

In our study, we chose to immunize Bactrian camels rather than llamas or alpacas as these animals are native to central Asia, including Xinjiang Province, China. The VHH gene fragment was inserted into the capsid vector of a filamentous phage in vitro by phage display technology, and the phage display library was successfully constructed. Through three rounds of selection, we successfully screened the phage for a nanobody that could specifically bind to His-GPC3 antigen. The statistics of the enrichment indicated a progressive increase with round. Also, specificity increased with lower antigen coating. The VHH~GPC3~ obtained was not only able to specifically bind commercial human GPC3 mAbs but also recognized the surface of HepG2 cells.

Early diagnosis and treatment of HCC are critical for the outcome. The generation of high-affinity nanobodies by phage display library screening may facilitate the development of new targeted immunotherapies for hepatocellular carcinoma.
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